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ABSTRACT
The Valanginian Stage is marked by a period of global positive δ13C carbon cycle perturba-
tion and biotic crises, which are collectively referred to as the Valanginian event (VE). Many 
attempts have been made to link the Paraná-Etendeka large igneous province volcanism with 
the VE. However, currently there is no conclusive proof to support this hypothesis, since the 
timing and duration of the volcanic activity are not known with sufficient precision. In this 
study, we significantly revise the time scales of magmatism and environmental impact of 
the Paraná magmatic province (PMP) in Brazil with new high-precision zircon U-Pb ages 
from the low-Ti Palmas and high-Ti Chapecó sequences. Our data demonstrate that signifi-
cant volumes of low-Ti silicic rocks from the PMP erupted rapidly at ca. 133.6 Ma within 
0.12 ± 0.11 k.y. The age of the high-Ti Chapecó sequence from central PMP is constrained 
at ca. 132.9 Ma and thus extends the duration of magmatic activity by ∼700 k.y. Our new 
ages are systematically younger than previous ages and postdate the major positive carbon 
isotope excursion, indicating that PMP silicic magmatism did not trigger the VE but could 
have contributed to extending its duration. Within the framework of the stratigraphic column 
of the PMP, the earliest low-Ti basalts could have been responsible for the VE if they are at 
least 0.5 m.y. older than the low-Ti silicic rocks dated herein.
INTRODUCTION
Large igneous province (LIP) magmatism 
is thought to be responsible for global climate 
changes, some of which led to major mass ex-
tinction events during the Phanerozoic (e.g., 
Ernst and Youbi, 2017; Svensen et al., 2018). 
Isotopic proxies from the sedimentary record 
suggest that the effects of LIP emplacement 
include global warming and cooling, sea-level 
changes and shifts in seawater composition, 
and ocean acidification, stratification, or anox-
ia, resulting in black shale deposition (oceanic 
anoxic events [OAEs]; Percival et al., 2015). 
The Paraná-Etendeka LIP, with ∼1 × 106 km3 of 
preserved volcanic rocks of dominantly basaltic 
composition (Bellieni et al., 1986; Peate, 1997), 
is one of the world’s largest LIPs, and it was 
emplaced coeval with the breakup of Gondwana 
and the opening of the South Atlantic Ocean dur-
ing the Early Cretaceous. Despite its size, the 
emplacement of the Paraná-Etendeka LIP had 
seemingly minor environmental effects (Char-
bonnier et al., 2017; Svensen et al., 2018). The 
current paradigm suggests a temporal correla-
tion between the Paraná-Etendeka LIP and the 
Valanginian event (VE), which was an episode 
of environmental change characterized by glob-
al-scale carbon cycle perturbation and a biotic 
crisis, recorded by a positive δ13C shift and Hg 
enrichment in the sedimentary record (e.g., Erba 
et al., 2004; Martinez et al., 2015; Charbonnier 
et al., 2017).
The onset of the VE was previously estimat-
ed at 136.8 ± 1.3 Ma (Sprovieri et al., 2006), but 
it has recently been revised to 135.22 ± 1.00 Ma 
based on integrated geochronology and as-
trochronology (Martinez et al., 2015).
However, to prove a temporal connection 
between the Paraná volcanism and the VE, we 
must have knowledge of the precise timing and 
duration of the volcanic activity. In this contri-
bution, we significantly revise the time scales 
of magmatism and environmental impact of the 
Paraná magmatic province (PMP) in Brazil, the 
South American part of the Paraná-Etendeka 
LIP, via high-precision zircon U-Pb chemical 
abrasion–isotope dilution–thermal ionization 
mass spectrometry (CA-ID-TIMS) dating.
GEOLOGY, GEOCHRONOLOGY, AND 
SAMPLE MATERIAL
Silicic volcanic rocks from the PMP (Fig. 1) 
are relatively abundant compared to other con-
tinental flood basalt provinces (e.g., Deccan 
Traps, Central Atlantic magmatic province). 
In Brazil, the ∼15,000 km3 of preserved silicic 
rocks are divided into low-Ti (Palmas) and high-
Ti (Chapecó) lithologies (Bellieni et al., 1986; 
Garland et al., 1995; Peate, 1997; Nardy et al., 
2008). The largest volume of low-Ti Palmas-
type rocks is concentrated in the south of the 
PMP and comprises the chemically distinct Ani-
ta Garibaldi, Jacuí, and Caxias do Sul dacites 
(Nardy et al., 2008), which cover or are interbed-
ded with the first low-Ti basaltic flows (Gram-
ado type; Fig. 1). At the top of the sequence, 
above the dacites and the low-Ti basalts, there 
is the Santa Maria rhyolite. The silicic high-Ti 
Chapecó rocks comprise several trachydacites 
(Guarapuava, Tamarana, and Ourinhos types) 
and cover the low-Ti basaltic and silicic rock 
sequence to the center and north of the PMP (Pe-
ate, 1997; Nardy et al., 2008; Janasi et al., 2011).
Previous estimates of the timing and du-
ration of the volcanism in the southern PMP 
were based on 40Ar-39Ar and U-Pb secondary 
ion mass spectrometry (SIMS) data and cluster 
at 135–134 Ma (Fig. 2A; Renne et al., 1992; 
Thiede and Vasconcelos, 2010; Pinto et al., *E-mail: brenda.rocha@usp.br
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2011; Baksi, 2018). Zircon and baddeleyite 
ID-TIMS U-Pb ages reported for the Ourinhos 
trachydacite (Janasi et al., 2011) and for the 
Florianópolis and Ponta Grossa dike swarms 
(Florisbal et al., 2014; Almeida et al., 2018) 
range between 134.7 and 133.4 Ma (Fig. 2A). 
Published ages from the PMP are illustrated in 
Figure 2A along with the U-Pb data set from 
this study, demonstrating that the 40Ar-39Ar and 
SIMS U-Pb data have higher uncertainties and 
more scatter.
Here, we dated zircon from six silicic volca-
nic rocks from the two major geochemically dis-
tinct sequences of the PMP (Fig. 1): (1) low-Ti 
Palmas sequence: Santa Maria rhyolite (KSM-
1050) and Anita Garibaldi (KS-1329), Jacuí 
(GX-322), and Caxias do Sul (XG-13) dacites; 
and (2) high-Ti Chapecó sequence: Guarapuava 
trachydacite (KCA-1172) and the Ourinhos tra-
chydacite sample (OU-09) previously dated in 
Janasi et al. (2011) at 134.3 ± 0.8 Ma.
METHODS
High-precision TIMS U-Pb zircon ages were 
obtained at the University of Geneva by CA-
ID-TIMS and corrected for initial 230Th disequi-
librium. All reported weighted mean 206Pb/238U 
ages are given with [X]/[Y]/[Z] uncertainties 
(Schoene et al., 2006) at the 2σ level. Full de-
tails on sample preparation and methodology are 
provided in the Supplemental Material1. Haf-
nium isotopic compositions were measured on 
a Neptune multicollector–inductively coupled 
plasma–mass spectrometer (MC-ICP-MS) at the 
University of Geneva. The analytical techniques 
and the data reduction followed those outlined 
in Farina et al. (2018).
RESULTS
In total, 40 concordant U-Pb single-grain 
zircon ages were obtained along with Hf iso-
topic compositions of several dated crystals 
(Fig. 2B). The latter were used to evaluate the 
melt sources and to assist in the interpretation of 
dates (Schaltegger and Davies, 2017). Most of 
the analyzed zircon grains provided Cretaceous 
crystallization ages (Fig. 3), but a few inherited 
grains with ages of 1.1–0.6 Ga were also identi-
fied in three of the four low-Ti silicic samples. 
Detailed information on the dated samples, ana-
lytical techniques, and data sets is provided in 
the Supplemental Material.
The 13 analyzed zircon crystals from the Ani-
ta Garibaldi dacite (KS-1329) displayed an age 
spread of ∼70,000 k.y. A weighted mean 206Pb/238U 
age of 133.536 ± 0.049/0.076/0.16 Ma (mean 
square of weighted deviates [MSWD] = 1.4; 
n = 7) from the seven youngest concordant 
grains is the best estimate for the eruption age, 
assuming the optimal chemical-abrasion condi-
tions were enough to remove the effects of Pb 
loss. All five concordant zircon grains from the 
Jacuí dacite (GX-322) yielded a weighted mean 
206Pb/238U age of 133.575 ± 0.078/0.099/0.17 Ma 
(MSWD = 2; n = 5). Six zircons were analyzed 
from the Caxias do Sul dacite (XG-13), includ-
ing one Neoproterozoic xenocryst, and a grain 
with an age of ca. 127 Ma that was interpreted 
to result from Pb loss. The four remaining zircon 
grains yielded a weighted mean 206Pb/238U age of 
133.638 ± 0.071/0.092/0.17 Ma (MSWD = 1.3; 
n = 4). The tiny, U-rich zircon crystals from 
the Santa Maria rhyolite (KSM-1050) were 
chemically abraded at 180 °C for only 30 min 
to prevent total dissolution. Two grains were 
discarded, a Paleoproterozoic xenocryst and a 
grain at ca. 128 Ma. The remaining five grains 
yielded a weighted mean 206Pb/238U age of 
133.66 ± 0.10/0.12/0.19 Ma (MSWD = 2.1; 
n = 5).
Two zircon grains were extracted from 
the Guarapuava trachydacite (KCA-1172), 
yielding a weighted mean 206Pb/238U age of 
132.906 ± 0.072/0.092/0.17 Ma (MSWD = 1). 
Three grains from the Ourinhos trachydacite 
(OU-09) contained very low abundances of 
radiogenic Pb (down to 37 fg), but due to the 
low Pb blanks at the University of Geneva, this 
sample yielded a weighted mean 206Pb/238U date 
of 132.72 ± 0.76/0.77/0.78 Ma (MSWD = 0.71).
In summary, the low-Ti Palmas dacites and 
rhyolites erupted at 133.6 Ma within a narrow 
time interval of 0.12 ± 0.11 k.y., and the high-
Ti Chapecó trachydacites erupted at 132.9 Ma 
within ∼0.76 k.y.
1Supplemental Material. Sample description, 
sample preparation, analytical protocols, zircon U-Pb 
and Hf data, and additional interpretations on zircon 
ages. Please visit https://doi .org/10.1130/10.1130/
GEOL.S.12678926 to access the supplemental material, 
and contact editing@geosociety.org with any questions.
Figure 1. Geological map of the Paraná magmatic province (PMP) in Brazil showing location 
of samples selected for dating (modified from Janasi et al., 2011; Lucchetti et al., 2018). Inset 
shows position of PMP and correlated rocks in Etendeka, Africa.
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DISCUSSION
Timing and Duration of Silicic Magmatism 
in the Paraná Magmatic Province
Our new high-precision U-Pb ages dem-
onstrate that significant volumes of silicic 
magma from the PMP erupted very rapidly 
(Fig. 3). When the decay constant uncertain-
ties are included, the weighted mean ages of 
the low-Ti Palmas sequence overlap with the 
average 40Ar/39Ar age (flux-monitor corrected 
to the 28.201 Ma Fish Canyon sanidine age of 
 Kuiper et al., 2008) of 133.7 ± 0.2 Ma of the cor-
related low-Ti silicic sequence from Etendeka in 
Africa (Renne et al., 1996). However, our new 
ages (Fig. 2A) are systematically younger than 
(although there is some overlap) the 40Ar/39Ar 
age estimates from the south PMP presented 
by Renne et al. (1992), Thiede and Vasconcelos 
(2010), and Baksi (2018), which came mostly 
from basaltic sequences but also included some 
silicic rocks from the sequences dated here.
The high-Ti Chapecó sequence yielded 
slightly younger ca. 132.9 Ma ages, favoring 
northern migration of volcanism (Peate et al., 
1990; Ernesto et al., 1999; Janasi et al., 2011), 
which is also in agreement with ca. 133.6–
131.5 Ma 40Ar/39Ar ages from high-Ti basalt 
sills (Ernesto et al., 1999). The Ourinhos dacite 
sample previously dated by U-Pb TIMS by Jana-
si et al. (2011) at 134.3 ± 0.8 Ma was reanalyzed 
here, and the new result (132.72 ± 0.76 Ma; OU-
09) is identical to our age for the other Chapecó-
type trachydacite (132.906 ± 0.072 Ma; 
KCA-1172). Therefore, our new data fit the 
stratigraphy better and reveal that the high-Ti 
silicic volcanism was ∼1.5 m.y. younger than 
previously estimated.
Evaluating a Possible Link between Paraná 
Magmatic Province Volcanism and the 
Valanginian Environmental Crisis
The low-Ti silicic volcanism dated here 
belongs to the stratigraphically oldest part of 
the PMP lavas in Brazil and is at least 0.5 m.y. 
younger than the youngest 135.22 ± 1.0 Ma as-
tronomical age for the onset of the VE (Martinez 
et al., 2015) and indicative of a short magmatic 
episode of ca. 100 k.y. The VE is defined by 
a 1.5‰–2‰ and up to 4‰–5‰ positive δ13C 
Figure 3. Left: Various 
suggested time scales for 
the Valanginian-Hauteriv-
ian (V-H) boundary and 
astronomical ages for 
the Valanginian event 
(VE; horizontal blue lines 
and gray bars). Middle: 
Rank-order plot of U-Pb 
chemical-abrasion–iso-
tope dilution–thermal 
ionization mass spectrom-
etry (CA-ID-TIMS) data from 
the Paraná large igneous 
province (LIP, Brazil) silicic 
volcanic rocks, where 
colored vertical bars are 
single-zircon ages includ-
ing 2σ uncertainties. Filled 
bars were used in weighted 
mean age calculations 
(horizontal dark-gray 
bars). Red asterisks are 
zircon single-grain data 
with very low radiogenic 
Pb content (Pb*). Right: 
Carbon isotope excursion 
(δ13C) associated with the 
VE according to Martinez 
et al. (2015).
Figure 2. (A) Summary of 
geochronology data from 
the Paraná magmatic 
province (PMP, Brazil), 
comparing zircon U-Pb 
chemical-abrasion–iso-
tope dilution–thermal 
ionization mass spec-
trometry (CA-ID-TIMS) 
ages from this study 
(filled squares; [Z] uncer-
tainties included) with 
previously published data 
(open circles, squares, 
and diamond; [X] uncer-
tainties included). Kernel 
density estimates of 
ages are shown in the 
lower right. Compared to 
other studies, zircon was 
chemically abraded (CA) 
and mixed with EARTH-
TIME ET535 isotope 
tracer solution (http://
www.earthtimetestsite.
com/working-groups/u-
pb- isotope-d i lu t ion /
et535-and-et2535/; Condon 
et al., 2015), enabling more 
precise and accurate age 
estimates. SIMS—second-
ary ion mass spectrometry. 
(B) Weighted mean 
206Pb/238U ages and corre-
sponding εHf(t) values for 
PMP silicic volcanic rocks.
A
B
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anomaly in the marine and terrestrial records, 
respectively (e.g., Erba et al., 2004; Gröcke 
et al., 2005), and this has been used to infer 
a protracted period of global cooling, together 
with Hg enrichment in marine sediments (Char-
bonnier et al., 2017).
The Paraná-Etendeka LIP has been suggested 
as the cause of the VE, but our new U-Pb data 
indicate that the silicic magmatism postdated the 
major positive carbon shift (Fig. 3). Therefore, the 
PMP silicic volcanism is unlikely to have been the 
triggering mechanism responsible for the onset of 
the environmental changes during the VE (Fig. 3). 
However, the δ13C record reaches a postexcursion 
value that remains relatively stable thereafter, and 
the Paraná silicic LIP volcanism could have con-
tributed to sustaining the VE. This conclusion is 
only strictly valid for the silicic volcanism dated 
in this study. We speculate that pre-silicic low-Ti 
basalts could have been responsible for the VE 
if they are at least 0.5 m.y. older than the silicic 
rocks dated here. These belong to the Grama-
do-type and the geographically more restricted 
Urubici-type basalts. Dikes interpreted as feeders 
of the Urubici basalts were dated by U-Pb TIMS 
at 134.7 ± 0.3–133.9 ± 0.7 Ma (Florisbal et al., 
2014), and low-Ti Gramado basalts were dated 
with 40Ar/39Ar to 134.1 ± 0.7 Ma (Renne et al., 
1992), attesting to this possibility. However, as 
the ages of the Urubici and Gramado dikes and 
basalts also overlap within error with our new 
U-Pb ages, their association with the VE remains 
uncertain until more precise age estimates are 
obtained.
The temporal correlation between the PMP 
volcanism and the VE also relies on the as-
sumption that the geological time scale (GTS) 
is correct. There are some discrepancies in the 
present definition of stage boundaries. Different 
astronomical time scales for the Valanginian-
Hauterivian boundary are illustrated in Figure 3, 
with ages tuned to the 405-k.y.-long eccentricity 
cycle along with proposed astronomical ages 
and associated uncertainties for the VE. The 
GST2016 (Ogg et al., 2016) and recent compila-
tion by Huang (2018) report the 137.9 ± 0.8 Ma 
age from Charbonnier et al. (2013) for the VE, 
and they use a 4.695 m.y. duration for the Va-
langinian Stage. The 136.8 ± 1.3 Ma age for 
the VE proposed by Sprovieri et al. (2006) was 
published in the ICS International Chronostrati-
graphic Chart 2018/08 (Cohen et al., 2013), 
along with a longer duration of 6.9 m.y. for the 
Valanginian Stage. Even the youngest age re-
ported for the VE of 135.22 Ma (Martinez et al., 
2015) is older and does not overlap with our new 
U-Pb data. This further reinforces our inference 
that the PMP silicic eruptions were not the cause 
of the VE, implying that they also could not have 
been responsible for the Pb isotope signature 
of Ocean Drilling Program (ODP) Site 1149B 
sediments from the interval of the VE positive 
δ13C excursion, as suggested by Peate (2009).
The question remains as to why the rapid 
emplacement of extremely large volumes of 
magmatic material during the main stages of 
the PMP did not trigger a severe global-scale 
mass extinction. Several hypotheses have been 
suggested for how LIP events can cause large 
environmental perturbations, including magma 
degassing or the release of toxic volatiles from 
sediments, either through assimilation or con-
tact metamorphism (e.g., Ganino and Arndt, 
2009). High-precision U-Pb geochronology has 
provided evidence for the latter by correlating 
magmatic intrusions into volatile-rich sedimen-
tary basins of the Central Atlantic magmatic 
province (Davies et al., 2017) and the Siberian 
Traps (Svensen et al., 2009) with major envi-
ronmental and biotic crises. Sills are abundant 
in the PMP, where they may reach an integrated 
thickness up to 1 km in places, but the volume 
of organic-rich shales and dolomitic limestones 
(i.e., Irati Formation) may be too limited to have 
released large volumes of volatiles. Although, 
on the basis of chemical affinities, it is usually 
assumed that sills and extrusive products in the 
PMP are largely coeval, further high-precision 
geochronological work is required to confirm 
this hypothesis.
CONCLUSIONS
All varieties of the Palmas-type silicic vol-
canic rocks in the southern part of the Paraná 
magmatic province erupted very rapidly within 
an extremely narrow time interval of 0.12 ± 0.11 
k.y. and have indistinguishable zircon U-Pb ages 
of ca. 133.6 Ma, which are ∼0.5 m.y. younger 
than the youngest age estimate for the onset of 
the VE and its associated δ13C excursion, biotic 
changes, and the positive Hg anomaly in the 
sedimentary record. Zircon U-Pb ages of ca. 
132.9 Ma for the Chapecó sequence in the cen-
tral part of the PMP are ∼1.5 m.y. younger than 
previously estimated. Our new high-precision 
estimates for the eruptive age of the PMP imply 
a northward migration of the volcanism, which 
is in agreement with stratigraphy, and these re-
sults indicate that the duration of silicic mag-
matism is ∼700 k.y. Thus, the short-lived low-Ti 
silicic volcanism of the PMP was not the trigger 
of the VE, although it could have contributed to 
its extension, considering a duration of 6 m.y. 
for the VE. Further geochronological work fo-
cused on the older low-Ti basalt units and on 
the PMP intrusive magmatism is needed to fully 
evaluate the connection between the province 
and potential environmental effects.
ACKNOWLEDGMENTS
Funding was provided by São Paulo Research Founda-
tion (FAPESP) grants 2012/06082–6 (to E. Ruberti) 
and 2016/23266–4, 2017/18220–8, and 2019/24872–3 
(to B. Rocha), and the CAPES Foundation (grants 
88887.122305/2016–00; PVE 88887.125282/2015–
00). Richard Ernst, Darren Gröcke, David Peate, and 
editor Chris Clark are thanked for their constructive 
comments. We are grateful to Maria Ovtcharova, the 
Genève isotope group, and Vasco Loios and Renato 
Contessotto (Universidade de São Paulo) for technical 
support during laboratory work.
REFERENCES CITED
Almeida, V.V., Janasi, V.A., Heaman, L.M., Shaulis, 
B.J., Hollanda, M.H.B.M., and Renne, P., 2018, 
Contemporaneous alkaline and tholeiitic magma-
tism in the Ponta Grossa Arch, Paraná-Etendeka 
magmatic province: Constraints from precise 
U-Pb zircon/baddeleyite and 40Ar-39Ar phlogo-
pite dating of the José Fernandes Gabbro and 
mafic dykes: Journal of Volcanology and Geo-
thermal Research, v. 355, p. 55–65, https://doi 
.org/10.1016/ j.jvolgeores.2017.01.018.
Baksi, A.K., 2018, Paraná flood basalt volcanism pri-
marily limited to ∼1 Myr beginning at 135 Ma: 
New 40Ar/39Ar ages for rocks from Rio Grande 
do Sul, and critical evaluation of published ra-
diometric data: Journal of Volcanology and Geo-
thermal Research, v. 355, p. 66–77, https://doi 
.org/10.1016/ j.jvolgeores.2017.02.016.
Bellieni, G., Comin-Chiaramonti, P., Marques, L.S., 
Melfi, A.J., Nardy, A.J.R., Papatrechas, C., Pic-
cirillo, E.M., Roisenberg, A., and Stolfa, D., 
1986, Petrogenetic aspects of acid and basaltic la-
vas from the Paraná Plateau (Brazil): Geological, 
mineralogical and petrochemical relationships: 
Journal of Petrology, v. 27, p. 915–944, https://
doi .org/10.1093/petrology/27.4.915.
Charbonnier, G., Boulila, S., Gardin, S., Duchamp-Al-
phonse, S., Adatte, T., Spangenberg, J.E., Föllmi, 
K.B., Colin, C., and Galbrun, B., 2013, Astro-
nomical calibration of the Valanginian “Weis-
sert” episode: The Orpierre marl-limestone suc-
cession (Vocontian Basin, southeastern France): 
Cretaceous Research, v. 45, p. 25–42, https://doi 
.org/10.1016/ j.cretres.2013.07.003.
Charbonnier, G., Morales, C., Duchamp-Alphonse, 
S., Westermann, S., Adatte, T., and Föllmi, K.B., 
2017, Mercury enrichment indicates volcanic 
triggering of Valanginian environmental change: 
Scientific Reports, v. 7, p. 40808, https://doi 
.org/10.1038/srep40808.
Cohen, K.M., Finney, S.C., Gibbard, P.L., and Fan, J.-X., 
2013 (updated), The ICS International Chro-
nostratigraphic Chart: Episodes, v. 36, p. 199–204, 
https://doi .org/10.18814/epiiugs/2013/v36i3/002.
Condon, D., Schoene, B., McLean, N.M., Bow-
ring, S.A., and Parrish, R.R., 2015, Metrol-
ogy and traceability of U-Pb isotope dilution 
geochronology (EARTHTIME Tracer Cali-
bration Part I): Geochimica et Cosmochimica 
Acta, v. 164, p. 464–480, https://doi .org/10.1016/ 
j.gca.2015.05.026.
Davies, J.H.F.L., Marzoli, A., Bertrand, H., Youbi, N., 
Ernesto, M., and Schaltegger, U., 2017, End-Tri-
assic mass extinction started by intrusive CAMP 
activity: Nature Communications, v. 8, p. 15596, 
https://doi .org/10.1038/ncomms15596.
Erba, E., Bartolini, A., and Larson, R.L., 2004, Va-
langinian Weissert oceanic anoxic event: Geol-
ogy, v. 32, p. 149–152, https://doi .org/10.1130/
G20008.1.
Ernesto, M., Raposo, M.I.B., Marques, L.S., Renne, 
P.R., Diogo, L.A., and de Min, A., 1999, Paleo-
magnetism, geochemistry and 40Ar-39Ar dating 
of the North-eastern Paraná Magmatic Province: 
Tectonic implications: Journal of Geodynam-
ics, v. 28, p. 321–340, https://doi .org/10.1016/
S0264-3707(99)00013-7.
Ernst, R.E., and Youbi, N., 2017, How large igneous 
provinces affect global climate, sometimes cause 
mass extinctions, and represent natural markers 
in the geological record: Palaeogeography, Pal-
aeoclimatology, Palaeoecology, v. 478, p. 30–52, 
https://doi .org/10.1016/ j.palaeo.2017.03.014.
Downloaded from https://pubs.geoscienceworld.org/gsa/geology/article-pdf/doi/10.1130/G47766.1/5103603/g47766.pdf
by Universitaetsbibliothek Bern user
on 17 August 2020
Geological Society of America | GEOLOGY | Volume XX | Number XX | www.gsapubs.org 5
Farina, F., Dini, A., Davies, J.H.F.L., Ovtcharova, M., 
Greber, N.D., Bouvier, A.S., Baumgartner, L., 
Ulianov, A., and Schaltegger, U., 2018, Zircon 
petrochronology reveals the timescale and mech-
anism of anatectic magma formation?: Earth and 
Planetary Science Letters, v. 495, p. 213–223, 
https://doi .org/10.1016/ j.epsl.2018.05.021.
Florisbal, L.M., Heaman, L.M., Janasi, V.A., and Bi-
tencourt, M.F., 2014, Tectonic significance of 
the Florianópolis dyke swarm, Paraná-Etendeka 
magmatic province: A reappraisal based on pre-
cise U-Pb dating: Journal of Volcanology and 
Geothermal Research, v. 289, p. 140–150, https://
doi .org/10.1016/ j.jvolgeores.2014.11.007.
Ganino, C., and Arndt, N.T., 2009, Climate chang-
es caused by degassing of sediments during 
the emplacement of large igneous provinces: 
Geology, v. 37, no. 4, p. 323–326, https://doi 
.org/10.1130/G25325A.1.
Garland, F., Hawkesworth, C.J., and Mantovani, 
M.S.M., 1995, Description and petrogenesis of 
the Paraná rhyolites, southern Brazil: Journal 
of Petrology, v. 36, p. 1193–1227, https://doi 
.org/10.1093/petrology/36.5.1193.
Gröcke, D.R., Price, G.D., Robinson, S.A., Barabosh-
kin, E.Y., Mutterlose, J., and Rufell, A.H., 2005, 
The Upper Valanginian (Early Cretaceous) 
positive carbon-isotope event recorded in ter-
restrial plants: Earth and Planetary Science Let-
ters, v. 240, p. 495–509, https://doi .org/10.1016/ 
j.epsl.2005.09.001.
Huang, C., 2018, Astronomical time scale for the 
Mesozoic, in Montenari, M., ed., Stratigraphy & 
Timescales, Volume 3: San Diego, California, Ac-
ademic Press, p. 81–150, https://doi .org/10.1016/
bs.sats.2018.08.005.
Janasi, V.A., Freitas, V.A., and Heaman, L.H., 2011, 
The onset of flood basalt volcanism, north-
ern Paraná Basin, Brazil: A precise U-Pb bad-
deleyite/zircon age for a Chapecó-type dacite: 
Earth and Planetary Science Letters, v. 302, 
no. 1–2, p. 147–153, https://doi .org/10.1016/ 
j.epsl.2010.12.005.
Kuiper, K.F., Deino, A., Hilgen, F.J., Krijgsman, 
W., Renne, P.R., and Wijbrans, J.R., 2008, Syn-
chronizing rock clocks of Earth history: Sci-
ence, v. 320, p. 500–504, https://doi .org/10.1126/
science.1154339.
Lucchetti, A.C.F., Nardy, A.J.R., and Madeira, J., 2018, 
Silicic, high- to extremely high-grade ignimbrites 
and associated deposits from the Paraná magmatic 
province, southern Brazil: Journal of Volcanology 
and Geothermal Research, v. 355, p. 270–286, 
https://doi .org/10.1016/ j.jvolgeores.2017.11.010.
Martinez, M., Deconinck, J.F., Pellenard, P., Ri-
quier, L., Company, M., Reboulet, S., and 
Moiroud, M., 2015, Astrochronology of the 
Valanginian-Hauterivian Stages (Early Creta-
ceous): Chronological relationships between the 
Paraná-Etendeka large igneous province and the 
Weissert and the Faraonic events: Global and 
Planetary Change, v. 131, p. 158–173, https://
doi .org/10.1016/ j.gloplacha.2015.06.001.
Nardy, A.J.R., Machado, F.B., and Oliveira, M.A.F., 
2008, As rochas vulcânicas mesozóicas ácidas da 
Bacia do Paraná: Litoestratigrafia e considerações 
geoquímico-estratigráficas: Revista Brasileira 
de Geociencias, v. 38, p. 178–195, https://doi 
.org/10.25249/0375-7536.2008381178195.
Ogg, J.G., Ogg, G.M., and Gradstein, F.M., 2016, The 
Concise Geologic Time Scale: Amsterdam, Neth-
erlands, Elsevier, 234 p.
Peate, D.W., 1997, The Paraná–Etendeka Province, in 
Mahoney, J.J., and Coffin, M.F., eds., Large Igne-
ous Provinces: Continental, Oceanic, and Plan-
etary Flood Volcanism: American Geophysical 
Union Geophysical Monograph 100, p. 217–245, 
https://doi .org/10.1029/GM100p0217.
Peate, D.W., 2009, Global dispersal of Pb by large-
volume silicic eruptions in the Paraná-Etend-
eka large igneous province: Geology, v. 37, 
no. 12, p. 1071–1074, https://doi .org/10.1130/
G30338A.1.
Peate, D.W., Hawkesworth, C.J., Mantovani, M.S.M., 
and Shukowsky, W., 1990, Mantle-plumes and 
flood-basalt stratigraphy in the Paraná, South 
America: Geology, v. 18, p. 1223–1226, https://
doi .org/10.1130/0091-7613(1990)018<1223:MP
AFBS>2.3.CO;2.
Percival, L.M.E., Witt, M.L.I., Mather, T.A., Her-
moso, M., Jenkyns, H.C., Hesselbo, S.P., Al-Su-
waidi, A.H., Storm, M.S., and Ruhl, M., 2015, 
Globally enhanced mercury deposition during 
the end-Pliensbachian extinction and Toarcian 
OAE: A link to the Karoo-Ferrar large igne-
ous province: Earth and Planetary Science Let-
ters, v. 428, p. 267–280, https://doi .org/10.1016/ 
j.epsl.2015.06.064.
Pinto, V.M., Hartmann, L.A., Santos, J.O.S., McNaugh-
ton, N.J., and Wildner, W., 2011, Zircon U-Pb 
geochronology from the Paraná bimodal volcanic 
province support a brief eruptive cycle at ∼135 Ma: 
Chemical Geology, v. 281, no. 1–2, p. 93–102, 
https://doi .org/10.1016/ j.chemgeo.2010.11.031.
Renne, P.R., Ernesto, M., Pacca, I.G., Coe, R.S., Glen, 
J.M., Prévot, M., and Perrin, M., 1992, The age 
of Parana flood volcanism, rifting of Gondwana-
land, and the Jurassic-Cretaceous boundary: Sci-
ence, v. 258, p. 975–979, https://doi .org/10.1126/
science.258.5084.975.
Renne, P.R., Glen, J.M., Milner, S.C., and Duncan, 
A.R., 1996, Age of Etendeka flood volcanism 
and associated intrusions in southwestern Af-
rica: Geology, v. 24, no. 7, p. 659–662, https://
doi .org/10.1130/0091-7613(1996)024<0659:AO
EFVA>2.3.CO;2.
Schaltegger, U., and Davies, J.H.F.L., 2017, Pet-
rochronology of zircon and baddeleyite in igne-
ous rocks: Reconstructing magmatic processes 
at high temporal resolution, in Kohn, M.J., Engi, 
M., and Lanari, P., eds., Petrochronology: Miner-
alogical Society of America Reviews in Mineral-
ogy and Geochemistry, v. 83, no. 1, p. 297–328, 
https://doi .org/10.2138/rmg.2017.83.10.
Schoene, B., Crowley, J.L., Condon, D.J., Schmitz, 
M.A., and Bowring, S.A., 2006, Reassessing 
the uranium decay constants for geochronology 
using ID-TIMS U-Pb data: Geochimica et Cos-
mochimica Acta, v. 70, p. 426–445, https://doi 
.org/10.1016/ j.gca.2005.09.007.
Sprovieri, M., Coccioni, R., Lirer, F., Pelosi, N., and 
Lozar, F., 2006, Orbital tuning of a lower Cre-
taceous composite record (Maiolica Formation, 
central Italy): Paleoceanography, v. 21, PA4212, 
https://doi .org/10.1029/2005PA001224.
Svensen, H.H., Planke, S., Polozov, A.G., Schmid-
bauer, N., Corfu, F., Podladchikov, Y.Y., and 
Jamtveit, B., 2009, Siberian gas venting and the 
end-Permian environmental crisis: Earth and 
Planetary Science Letters, v. 277, p. 490–500, 
https://doi .org/10.1016/ j.epsl.2008.11.015.
Svensen, H.H., Torsvik, T.H., Callegaro, S., Augland, 
L., Heimdal, T.H., Jerram, D.A., Planke, S., and 
Pereira, E., 2018, Gondwana large igneous prov-
inces: Plate reconstructions, volcanic basins and 
sills volumes, in Sensarma, S., and Storey, B.C., 
eds., Large Igneous Provinces from Gondwana 
and Adjacent Regions: Geological Society [Lon-
don] Special Publication 463, p. 17–40, https://
doi .org/10.1144/SP463.7.
Thiede, D.S., and Vasconcelos, P.M., 2010, Parana 
flood basalts: Rapid extrusion hypothesis con-
firmed by new 40Ar/39Ar results: Geology, v. 38, no. 
8, p. 747–750, https://doi .org/10.1130/G30919.1.
Printed in USA
Downloaded from https://pubs.geoscienceworld.org/gsa/geology/article-pdf/doi/10.1130/G47766.1/5103603/g47766.pdf
by Universitaetsbibliothek Bern user
on 17 August 2020
